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In the upgraded CMS pixel detector (phase II upgrade), the pixel size will become
smaller due to the higher occupancy caused by higher luminosity of the LHC. This
means that also the bump bonds between the sensor and the read-out circuit will
become smaller, which results in smaller gap between the sensor and the ROC. This
will increase the probability for electrical sparking that might destroy the ROC, the
sensor or both. Jaakko Ha¨rko¨nen has suggested using alumina passivation on the
modules for sparking prevention.
In this thesis it was studied whether bonding is applicable on a surface having an
alumina passivation. It was also of interest, which parameters of the bonder make
stronger bonds. Bonding was tested on metal pads with different layer thicknesses of
alumina: 0 nm, 10 nm, 15 nm, 20 nm and 25 nm. The strengths of the bonds were
tested using the bond pull test.
The results indicate that wire-bonding on alumina does well in pull-strength tests,
though the bonds are slightly weaker than on surfaces with no alumina. Increasing
bonding force seems to weaken the bonds, increasing bonding power, on the other
hand seems to make stronger bonds.
The conclusion of this thesis is that alumina is a viable choice for passivation, since
it does not seem to have a negative effect on the module wire bonding.
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Pa¨ivitetyssa¨ CMS detektorissa korkeampi luminositeetti aiheuttaa suuremman hiuk-
kasma¨a¨ra¨n pinta-alaa kohden, joten myo¨s pikseli-ilmaisimissa yksitta¨isten pikselien
koko pienenee. Ta¨ma¨ tarkoittaa sita¨, etta¨ myo¨s sensorin ja ROCin va¨listen liitosnys-
tyjen koko pienenee ja siten myo¨s niiden va¨linen eta¨isyys pienenee. Ta¨llo¨in sa¨hko¨isen
kipino¨innin todenna¨ko¨isyys kasvaa, mika¨ voi tuhota sensorin, ROCin tai molemmat.
Jaakko Ha¨rko¨nen on ehdottanut moduulien passivointia alumiinioksidilla kipinno¨in-
nin ehka¨isemiseksi.
Ta¨ma¨ tyo¨ tutkii lankaliitosten lujuutta pinnoilla, joille on kasvatettu alumiinioksidi-
kerros. Lisa¨ksi tyo¨ssa¨ on etsitty bondauslaitteelle optimaalisia parametreja. Lanka-
liiitoksia kokeiltiin metallikontakeille, joilla oli eripaksuisia alumiinioksidikerroksia: 0
nm, 10 nm, 15 nm, 20 nm ja 25 nm. Liitosten lujuutta testattiin vetolujuustestilla¨.
Tulokset viittaavat siihen, etta¨ lankaliitokset tarttuvat alumiinioksidipinnotteisille
kontakteille, joskin kontaktit, joilla ei ole alumiiniioksidia antavat parempia tulok-
sia. Liitokseen ka¨ytetyn voiman nostaminen na¨ytta¨isi heikenta¨va¨n liitosta ja tehon
nostaminen vahvistavan sita¨.
Tutkielman johtopa¨a¨to¨s on, etta¨ alumiinioksidi on realistinen vaihtoehto moduulin
passivoinnille, silla¨ liitokset tarttuvan hyva¨ksytta¨va¨sti myo¨s alumiinioksidipinnottei-
selle pinnalle.
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Acronyms
ALD Atomic Layer Deposition, method for deposition of very thin layers of material
on surfaces
AlxOy Aluminum oxides, also known as alumina
ATLAS A Thoroidal LHC Apparatus
BD Barrel drift tube chambers, Muon detector, CMS
BPIX Barrel Pixel, Tracker, CMS
CSC Cathode-strip chambers, Muon detector, CMS
CERN, European Organization for Nuclear Research (originally Conseil Europe´en
pour la Recherche Nucle´aire).
CMS, Compact Muon Solenoid
CVD Chemical Vapour Deposition
CZ Czochralski, method of growth of silicon wafers
EGS Electronic grade silicon, silicon pure enough for use in electronics
FPIX Forward Pixel, Tracker, CMS
FZ Float Zone, method of growth of silicon wafers
HCl Hydrogen Chloride, chemical compound
HDI High Density Interconnect
HL-LHC High Luminosity LHC
LHC, Large Hadron Collider
LS1 & LS2, Long Shutdown 1 (2013-2014) & Long Shutdown 2 (2018-2019)
MCA Multi-channel Analyzer
MGS Metallurgical Grade Silicon
PECVD Plasma Enhanced Chemical Vapour Deposition
Phase, LHC experiment upgrades are split into two phases: I (∼2016-2020) & II
(period after 2020)
PVD Physical Vapour Deposition
RCA Radio Corporation of America, a cleaning process developed by the RCA
ii
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RF Radio Frequency
ROC Read-Out chip, flip-chip bonded to pixel sensors
SiOx Silicon Oxides, chemical compounds
SRV Surface Recombination Velocity
SST Silicon Strip Tracker, Tracker, CMS
TBM Token Bit Manager
ZDC Zero degree calorimeter, Forward detectors, CMS
ZnS Zinc Sulphide, a chemical compound
iii
Ch.1 Introduction
CERN (European Organization for Nuclear Research) is one of the world’s leading
physics research centers. Though mainly dedicated to particle physics, its premises are
also used for medical and environmental sciences. CERN has a series of accelerators
aimed at boosting protons (and lead ions) to relativistic speeds, the largest of these
being the LHC (Large Hadron Collider).
In the LHC accelerator, protons start their journey in a hydrogen bottle, and as they
pass through an electric field, their electrons get ripped away. The protons are then fed
to the first accelerator, Linac 2, from where they are directed to Proton Synchrotron
Booster (PSB), followed by Proton Synchrotron (PS), Super Proton Synchrotron (SPS),
and finally LHC. The LHC tunnel is 27 km long, and the proton bunches collide every
25 ns.
Table 1.1: In CERN’s accelerators [1], protons and lead ions are gradually boosted from 0
m/s to relativistic speeds.
CERN’s proton accelerators
Accelerator: Linac 2 → PSB → PS → SPS → LHC
Energies: 50 MeV → 1.4 Gev → 25 GeV → 450 GeV → 4 TeV
CERN’s lead ion accelerators
Accelerator: Linac 3 → LEIR → PS → SPS → LHC
Energies: 4.2 MeV → 72 MeV → 25 GeV → 450 GeV → 4 TeV
CMS (Compact Muon Solenoid) is one of the experiments that measure the particle
collisions at the LHC. It is a multi-purpose detector consisting of several layers of
different sub-detectors in an onion like configuration. One of these sub-detectors is the
Tracker, which has been designed to precisely track the trajectories of the particles
originating from the collisions. There are plans to upgrade the LHC to so called High
Luminosity LHC (HL-LHC), where the luminosity will increase 10-fold compared to the
LHC. Under these conditions the silicon tracking sensors are put under a lot of stress,
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which increases the requirements for their radiation hardness. High luminosity will also
increase the amount of particles in a certain area (occupancy) of the sensors, which in
the case of pixel tracking sensors leads to requirements for diminishing dimensions and
shorter spacing between the sensor and the read-out circuit (ROC). This thesis looks
into the possibility of using an ALD (Atomic Layer Deposition) grown alumina layer
as insulation to prevent sparking between the sensor and ROC.
Figure 1.1: CERN accelarator layout.
2
Ch.2 CMS at LHC
CMS is a particle detector designed to see a wide range of particles and phenomena
produced in the LHC collisions. CMS (fig. 2.2) is located in the 5th octant of the
LHC, 100 m underground. CMS detector has a length of 21.6 m and a diameter of
14.6 m [2]. The solenoid in the name Compact Muon Solenoid refers to the huge
4T magnet surrounding the tracking detectors and calorimeters, and which bends the
particle trajectories.
Figure 2.1: Overall view of the LHC experiments ( c©Jean-Luc Caron, 1998)
CMS together with ATLAS (A Thoroidal LHC Apparatus) experiment reported an
excess in a 125 GeV peak [3] in July 4th of 2012, confirming the existance of the Higgs
boson. By then three decay channels of the Higgs boson had been confirmed (see tbl.
2.1), the γγ, the ZZ and the W+W−. The b and τ channels were confirmed later.
The LHC operation and maintenance are split into two phases. Shutdowns of the
accelerator will permit maintenance work both on the accelerator and the detectors.
Before the Long Shutdown 1 (LS1), the LHC was colliding head on two beams of 4 TeV
each, with a centre of mass energy of
√
s=8 TeV and a cross section σ ≈ 100 mb. After
3
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Table 2.1: The Higgs boson was expected to be found by its decay products. An excess in
the 125 GeV peak has been confirmed. *[3].
Decay channel Observation and standard deviation Day published
H → γγ 125 Gev peak excess 5 σ July 4, 2012 *
H → ZZ → l+l−l+′l−′ ”-” 3.2 σ ”-”
H → W+W− → l+νll−′ ν¯l′ ”-” 1.5 σ ”-”
H → bb¯
H → τ+τ− January , 2014
LS1 the collision energy will increase to a centre of mass energy of
√
s=13 TeV. The
accelerator has been operating with a rate of 20 MHz (50ns collision spacing), 1000
bunches of protons cycling in the collider, 1.15×1011 protons per bunch, giving about 20
interactions in every beam crossing with a peak luminosity of 1.25×1033cm−2s−1. After
Long Shutdown 2 (LS2, 2018-2019) about 40 interactions per crossing are expected [4],
and the accelerator will be operated at 40 MHz (25 ns) with 2808 bunches. Luminosity
should eventually reach 2*1034cm−2s−1.
CMS [4] detector was originally designed for luminosities in the scale of 1034cm−2s−1
at 40 MHz. To match the LHC luminosity after LS2, there will be so called Phase I
upgrade of the CMS detector. In this upgrade the pixel detector will be replaced by a
new one. The upgrade should improve the life-time, efficiency and pattern-recognition
of the pixel detector. The so called Phase II upgrade will start with a third LHC shut-
down, the LS3. In this phase the CMS detector will go through a complete replacement
of the sub-detectors, and the LHC will get ready for high luminosity running.
The CMS experiment is laid more or less symmetrically around the collider (beam)
axis [2]. This axis has been chosen to be the z-axis of the experiment. The y-axis is
upwards to the surface, and the x-axis points from the centre of the collision outwards,
perpendicularly to the yz-plane (see fig 2.2). The azimuthal angle φ is measured from
the x-axis towards the y-axis, and the polar angle θ is the angle measured from the
z-axis towards the detected particle’s trajectory. Thus defined, the radial distance r
gives the particle’s radial distance from collision point, and the pseudorapidity is given
by
η = −ln(tan(θ/2)). (2.1)
Particle flux is larger at smaller angles, with a maximum at θ = 0o. Since the
pseudorapidity decreases with increasing angle, the particle flux will be larger for larger
4
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Figure 2.2: The CMS detector, its spacial coordinates, and a simplified pixel module.
Figure 2.3: Pseudorapidity η.
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η. Pseudorapidity has limits
lim
θ→±0o
η = −∞ & lim
θ→±180o
η =∞
with values of
| η(θ = ±90o) |= 0 & | η | (θ = ±0.7674o) ≈ 5.
According to η, the particle jets are: barrel jets | η |< 1.4, endcap jets 1.4 <| η |<
3.04, and very forward jets 3.0 <| η |< 5.0.
The CMS detectors are, starting from the beam pipe (tbl. 2.2): the Tracker, the
Electron Calorimeter, the Hadron Calorimeter, the Muon Chambers and the Forward
Calorimeters. The solenoid magnet is located between the Hadron Calorimeter and
the Muon Chambers.
Table 2.2: The CMS detector is built like an onion, with a length of 21.6 m and a diameter
of 14.6 m [4; 5]. Symbols: – Not applicable, * replacements Phase 1.
Detector Sub-detectors Radius Barrel layers End-cap disks
Beam pipe – (0-3 cm) – –
Tracker Pixel 4.4-10.2 cm 3 (4*) BPIX 2 (3*) FPIX
SST 22cm-1.1m 10 10
ECAL – x x x
HCAL – 1.77 - 2.95 m x x
Solenoid Magnet – 3m< R <6.5 m 4T, 12.5m long
Muon detector – < 7m BD CSC
Forward detectors CASTOR z ± 14.3 m 5.2 m < η < 6.6m
ZDC z ± 140 m η ≥ 8.3m
All sub-detectors have barrel sensors and end-cap sensors, arranged in a barrel of
813 layers at a central rapidity region, and endcaps at higher rapidity. The Tracker
forms a cylinder which is 5.8 m long and has a radius of 1.3 m. The Tracker’s sub-
detectors represent different technologies:
1. High particle density region, 4.4-10.2 cm, 3 layers of silicon pixel sensors forming
the Pixel vertex detector (operated at -10oC, 263 K). In the pixel detector, the
analogue mode’s resolution is increased even more by the Lorentz effect (charge
sharing)
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2. Medium and low density region, 20 cm-1.1m, 10 layers of silicon strip sensors
forming the SST or Silicon Strip (operated at -10oC, 263 K)
2.1 Pixel detector
The pixel sensors are made of n-type silicon, their structure is n+-in-n, and the sensors
can withstand fluences up to 6×1014neqcm−2 [6]. The size of one pixel is 100×150µm2
and there are ∼ 64 thousand pixels in one sensor. Each sensor pixel is bumb-bonded
to its own read-out circuit in the read-out chip (ROC [5]). CMS pixel detector benefits
from the Lorentz effect that causes charge sharing between pixels in the barrel detectors,
and this can be used to interpolate tracks [7]. In the endcaps charged sharing is achieved
by tilting the modules. At room temperature, the Lorentz effect ~E × ~B is 4-5 larger
for electrons than holes [8], and the charge carrier mobility and correspondingly the
Lorentz shift, is reduced by the irradiation. The Lorentz drift is about 32o for electrons
in silicon [5, p. 16] in 4T magnetic field.
Figure 2.4: Charge sharing induced by Lorentz drift. After type inversion the detector
depletes from the n-pixel side. With increasing radiation dose the detector cannot be fully
depleted and the charge sharing effect is reduced (CMS Collaboration [5, p. 16]).
The current pixel detector has three barrels with 768 pixel modules (BPIX) and
two forward disks with 672 pixel modules (FPIX). The modules are operated at 263K
[2][5, p.6] . The number of BPIX modules will be incremented to 1184, and the FPIX
modules will be changed to larger ones. The upgraded detector modules will all be
similar, each with two rows of eight ROCS. In the previous setup there were two types
of modules, half-modules with one row of 8 ROCS and full modules with two rows of
8 ROCs [6]. The size of the modules will be 16.2×64.8 mm2 and one pixel will be
100×150µm2. The pixels (fig. 2.5) are flip-chip bonded to ROCs [5], Kapton cables
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connect the ROCs to the periphery, and aluminium wires power the modules and they
are also used as interconnections between ROC and HDI (fig. 2.6).
Figure 2.5: A pixel sensor.
Figure 2.6: CMS pixel modules [9, p. 115-116]. a) Module for layer 1 of BPIX. b) Module
for layers 2-4 of BPIX. c) Module for FPIX.
A complete barrel pixel (BPIX, fig 2.6) module is 66.6×26 mm2 and weights only
3.4 g (cables included), consuming 2W [2, p. 47]. The active area of a full barrel sensor
is 6.450*1.605 cm2, with 2 rows of 8 ROCs. Each ROC will have 53*52 cells, with an
area of (150µm)2 per cell [5, p.25]. The module assembly contains several stages [10]:
• The ROC wafers are processed in a factory and the chips are tested after receiving
them.
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• The sensor wafers are also processed in a factory, and the sensors are tested
several times during the module production. A sensor is discarded if it has a
leakage current of ≥ 2µA at 150 V, or if the fraction of the leakage current at
150 V to the leakage current at 100 V is greater than two.
• Flip-chip bonds are done between the ROCs and the sensor (called now a raw or
bare module). An IV-curve of the bare module is measured, and if the current at
200V is above 15µA, the whole module is discarded. If needed, single chips can
be replaced and bonds redone [9, 6.4][10].
• The HDI (High Density Interconnect) is assembled. Later the TBM (Token Bit
Manager) chips on the HDI are wirebonded to the power and signal cables, and
the unit is tested. The TBMs control the ROC signal.
• Final assembly, in which the bare module’s sensor side is glued to the HDI and the
ROC side to base strips. Finally the ROCs are wirebonded to the HDI flex. The
modules are graded according to their quality. Grade A is given for excellency:
few bad pixels and leakage currents IL(150V, 17
oC) < 2µA [9, 6.4][10]. Grade B
will include leakage currents up to 10 µA, and the rest will be grade C.
Table 2.3: Pixel grading in the CMS [9, p. 121]
Grade A B C
Noise [e−] < 500 < 1000 > 1000
Relative gain width < 10 % < 20 % > 20 %
Pedestal spread [e−] < 2500 < 5000 > 5000
Threshold width [e−] < 200 < 400 > 400
Imeas(+17oC, 150V) < 2µA < 10µA > 10µA
Icalc(-10oC, 150V) < 3µA < 15µA > 15µA
2.2 Silicon wafers, sensors and ROCs
Semiconductors are materials that pose electrical conductivity which is somewhere
between the high conductivity of metals and the almost non-existing conductivity of
insulators. Due to their relatively small band gap, about 1 eV, their conductivity
depends strongly on temperature, impurity densities, the presence of a magnetic field
9
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and even the amount of light (photons) [11]. Silicon has a band gap of 1.12 eV, and at
room temperature an electron has on average a thermal energy of 26 meV, so there is
always a good chance for an electron to have enough energy to make it to the conduction
band. Silicon dioxide SiO2 on the other hand is an insulator.
Silicon belongs to Group IV in the periodic table and it is the eighth most abundant
element on earth [12]. It is crystalline material with a diamond lattice [13], and it can
be found in nature as part of a compound called silicon dioxide (SiO2), or silica which is
main constituent of sand. In order to be used in electronics silicon is typically purified
from sand or quartz to levels of purity which allow less than one foreign atom among
109 silicon atoms.
2.2.1 Production of silicon wafers
Distillation of Si from sand [11; 13] requires mixing of the sand with carbon (or a
carbon compound like SiC) and putting the mixture in a furnace at about 1800oC.
This produces metallurgical grade silicon (MGS) with high level of impurities. In order
to decrease the impurity level to electronic grade (EGS), the silicon is mixed with HCl
(Hydrogen Chloride), the products are heated and distilled, and finally mixed with H2.
The pure silicon (EGS) produced by distillation will still be polycrystalline [14], it
has to be molten and a single crystal must be grown from the melt. There are several
ways to do this, but they all have in common one thing: extremely small amounts of
dopants can be added to the pure silicon in order to change the electrical characteristics
of the crystal. The dopants must be either atoms that can give an electron to the bulk
(donors from Group IV) creating n-type silicon, or atoms that will take an electron
from the bulk (acceptors from Group III) creating p-type silicon. In silicon a preferred
acceptor is boron and good donors include phosphorus and arsenic.
Semiconductor radiation detectors are made on silicon wafers. The traditional
technique for making the wafers is the Float-Zone (FZ) method. In the FZ an EGS
polycrystalline rod is put into a chamber containing argon, and heated with an RF-
coil [15]. The RF-coil melts a disk-like volume of the rod, and as the coil moves, the
melted zone moves too leaving behind a resolidified region. In order to control the
crystal structure and orientation of the resolidified volume, a silicon seed crystal is
attached to the rod before the RF heating. The resolidified area will have a crystal
structure identical to the structure of the silicon seed. Any impurities present will
diffuse into the new melted volume, purifying the silicon even further. The process can
be repeated many times. In the end, the silicon forms a high purity ingot of known
10
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crystal structure.
Another technique for producing silicon wafers is the Czochralski method (CZ). In
this method a silicon crucible is filled with the EGS silicon with silicon pieces doped
with desired dopants. Then the mixture is melted in an inert atmosphere. A seed
crystal of known orientation is placed in contact with the surface of the molten silicon.
It is gradually drawn out of the melt, while simultaneously rotating the ingot and the
silica crucible in opposite directions. The diameter of the ingot is determined by the
pulling and rotation speeds. With the CZ-method it is possible to make very large
diameter ingots. For high-resistivity silicon, a modified CZ method, called magnetic-
CZ , is used [16].
The silicon crystal produced in the distillation process will be a long rod (or ingot),
in the scale of 2 m, with a diameter of only 150 mm. The ingot will be grinded from
the sides in order to give it a more perfect cylindrical form. From the ingot, slices
0.25 mm [14] thick are cut along the {110} plane [13] of the crystal, and the slices are
rounded, flattened and polished. These slices are what commonly are known as wafers.
In the detector processing and the read-out circuit production, silicon wafers are used
as a substrate onto which active components are grown by layers of metals, insulators
etc.
2.2.2 Sensor production
The process flow of sensor production can easily have over thirty stages. Following the
process presented by Esa Tuovinen in his PhD [17] for a p+/n−/n+ sensor (optionally
a n+/p−/p+ sensor), the flow can be simplified into nine steps:
1. A 200 nm ion implantation on the back surface of the wafer. Phosphorus (donors)
is used for the conventional p+/n−/n+. Optionally boron (acceptors) for a
n+/p−/p+.
2. A masking oxide layer of about 300 nm is grown at 1100 oC. Wafers are cleaned.
3. Alignment marks are patterned using lithography. The markings are etched into
the silicon 0.5 µm deep.
4. Boron implantation for p+ implants (phosphorus for n+). Afterwards the rest of
the masking is removed, a new oxide is grown, and the silicon is annealed. At
this stage the boron will be at a depth of 3.5 µm and the phosphorus at 7.5 µm
in the usual p+/n−/n+.
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5. Deposition and patterning of bias resistors.
6. Etching of contact openings.
7. Metallization: a 500 nm aluminium layer is sputtered on the front side, patterned
and etched.
8. Aluminium sintering, to improve electrical contacts between Al and Si.
9. Passivation layer growth, to protect surface from scratches and damage.
The traditional detector structure is the p+/n−/n+, but there is an increasing in-
terest in using n+/p−/p+ structures instead. This interest arises from the fact that
p-type bulk does not go through so called space charge type inversion even after heavy
irradiation, which n-type bulk does. On the other hand, n+/p−/p+ sensors require
more lithography and ion implantation processing steps than the conventional n-type
detectors [17, Ap. IV].
Due to the positive charge of the p-type bulk and the silicon dioxide, an isolation
between the n+ strips must be provided. The isolation is usually done with extra boron
(p+) implantation. The boron concentration [18; 19; 20] dictates the size of the area
needed to be implanted:
• A high dose p+ implantation (∼ 1015cm−2) will form island like structures, and
is called p-stop (fig. 2.7.a).
• A low dose implantation (∼ 2 ∗ 1013cm−2) over the whole wafer surface (similar
to the oxide layer charge), is called p-spray (fig. 2.7.b).
In the p-stop process, there must be no overlapping of the n+ strips and the p+ islets,
or it would cause a breakdown. With the lower density p-spray, overlapping will not
cause serious problems. Instead of p-stop or p-spray Jaakko Ha¨rko¨nen has proposed
to use a thin layer of ALD grown aluminium oxide., as the alumina has negative space
charge, contrary to the silicon dioxide.
2.2.3 ROC production
The ROCs, Read Out Circuits, are normally bought ready made. Their production
is based on the planar production process (developed by Hoerni in 1960 [11]), the
growing of flat layers of materials, one over another. Originally chips had only three
layers: the semiconducting silicon bulk, a thin layer of nitride or oxide (a dielectric),
12
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Figure 2.7: P-stops and p-spray isolation of the n+ strips . [18]
and on top the smaller aluminium pads. Modern chips can have over 30 layers of
dielectric materials, copper (wiring) and diffusion layers (like titanium) over the silicon
bulk, and the aluminium pads on top. The diffusion layers are there to protect the
dielectric materials and the bulk silicon from the corrosive effects of copper [21, Ch.
10.2].
13
Ch.3 ALD, Atomic Layer Deposi-
tion
Alumina passivation layer is deposited using Atomic Layer Deposition (ALD). ALD
was invented [22; 23] by Tuomo Suntola in the mid 70’s, for use with ZnS films on elec-
troluminescent displays. Lately it has been discovered that ALD also makes very good
dielectric layers. ALD (Atomic Layer Deposition), originally known as ALE (Atomic
Layer Epitaxy), is deposition of thin films from vapour phase, permitting good control
over thickness and composition of the film. Alternative similar deposition methods
are CVD (chemical vapour deposition) and PVD (Physical Vapour Deposition). ALD
allows to control things like energy gap size and levels, density and conduction and
material composition. ALD is also important in the migration from planar technol-
ogy towards real 3-D structures. Aluminina is commonly grown by ALD [22], but
many other material systems can also be grown. [24] AL2O3, has a high boiling point
of 2977oC (3250K). It is a ductile white material, with a face-centred cubic crystal
structure. Some of its characteristics are listed in table 3.1.
Table 3.1: Properties of aluminium oxide Al2O3, at a normal pressure of 760 Torr (1 atm),
room temperature, 95% ceramic [25; 26].
Compressive strength 2600 MPa Density 3.89 g/cm3
Dielectric constant 9.8 Dielectric strength 16.9 kV/mm
Young’s modulus 378 GPa Electrical resistivity ∝ 1011 Ωm
Melting point 2040oC (2313K) Boiling point 2977oC (3250K)
Alternating compounds, precursors, are used as reactants with the surface layer
or substrate. When using aluminium oxide, the most useful precursors are H2O and
trimethylaluminum (TMA) [22]. Every phase takes place in vacuum (1 Torr1), and
between phases [22; 23] previous precursors and by-products are removed from the
11 Torr = 760 atm , 1 atm = 1.001325 bar = 0.1001325 MPa.
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vacuum chamber to assure the formation of a clean monolayer during every cycle. In
principle, the desired thickness of the layer defines the number of required cycles, the
film growth speed being 1.1-1.2 A˚/cycle. One layer of aluminium oxide has a thickness
of 3.8 A˚ [22]. ALD is performed at a relatively low temperature, below 350oC (623K),
which is important for uniform surface layer growth. Al2O3 ALD can be performed at
room temperature, and even though growth rate decreases with increasing temperature,
it has been found that in the case of Al2O3 the variation is very small.
Compounds used in ALD should have a relatively low temperature gas phase, and
their reaction should be quick and irreversible. There is an impressive assortment of
materials available by ALD growth, but availability of reacting compounds is still a
limiting factor. Metals, insulators and semiconductors have successfully been grown
by ALD, using mainly pure elements, oxides, nitrides and sulfides. ALD has been used
widely with field effect transistors and solar cells [23], since it makes it possible to
build devices which require uniform films and low leakage dialectrics and/or diffusion
barrier coatings [22]. ALD grown Al2O3 has even been used on carbon nanotubes and
nanorods.
Intel took ALD [23] into use in mass production in 2007, allowing them to switch
from 65 nm node transistors to 45 nm node transistors, without increasing the leakage
current [27] from the transistor gate oxide. In order to achieve this, one of the layers
Intel uses is a high-κ dielectric material for the passivation of the Si surface. In the
past years, Intel has aimed towards an ever decreasing size achieving a 22 nm node
technology.
Another new challenge for ALD is to increase electron and hole mobilities. A higher
mobility in the transistor channel will mean a higher device speed. This will require
the use of alternative materials to silicon and high-κ dielectrics suited for them [23].
In solar cell technology, ALD has been used to grow thin passivation layers of
alumina, but its speed of about 1nm/min is considered to be slow [28] for large scale
mass production. Using spatial ALD Vermeer et al. [28] reach a deposition of 0.5nm/s
(30 nm/min), and even a rate of 1nm/s has been reported.
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Figure 4.1: Exploring p-in-n sensors for the
CMS pixel detector. Sparking on the ROC due
to absence of a guard ring. [29]
In the upgraded CMS pixel detector
(phase II upgrade), the pixel size will
become smaller due to the higher oc-
cupancy caused by the higher luminos-
ity of the LHC. This means that also
the bump bonds between the sensor and
the read-out circuit will become smaller
which results in smaller gap between the
sensor and the ROC. This will increase
the probability for so called electrical
sparking that might destroy the ROC,
the sensor or both (fig. 4.1).
It is typical, especially when dealing
with semiconductors, that the surface of
a device can be changed by environmental effects making them electrically unstable.
In order to decrease these detrimental influences, a layer of oxide is grown on the
surface. This process is called passivation [30]. Passivation takes place to some extent
by itself, since pure metals grow an oxide layer, which protects them from corrosion.
This natural growth is not always sufficient, and thus the surface is often passivated
by a grown layer of insulator. Electronegativity is a measure of an atoms ability to
attract electrons to itself when in a compound [31]. The higher the polarity, the higher
the electronegativity χ. Higher polarity also translates as stronger bonds between the
atoms, and as better insulation. The insulation is related to the Schottky barrier [32],
and the bond strength to the ionic contribution of the mixed bond. The ionic [33; 34]
contribution always has a higher energy than its equivalent covalent contribution would
have.
Oxygen has a high electronegativity, 3.44, but it doesn’t get bonded to metals,
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it just affects the overall insulation. The atoms to be bonded are the metals of the
molecules. The wire is usually of aluminium Al, copper Cu or gold Au. Table 4.1 lists
some elements, their bondability to Al, Cu, Au, and their electronegativities. When
metal is deposited on α-alumina [35], metals with low χ form an oxide layer at the
metal-alumina interface, whereas metals with a higher χ cause a transfer of electrons
from the alumina to the metal.
Table 4.1: Bondability of some elements to Al, Cu, Au [21, Fig. 1-6], and their electroneg-
ativies [36]
Element Bondability Electronegativity χ
Aluminium Al Al, Cu, Au 1.61
Beryllium Be Al, Cu 1.57
Copper Cu Al, Cu, Au 1.90
Germanium Ge Al, Au 2.01
Gold Au Al, Cu, Au 2.54
Iron Fe Al, Cu, Au 1.83
Magnesium Mg Al, Cu 1.31
Molybdenum Mo Al, Cu 2.16
Nickel Ni Al, Cu, Au 1.91
Palladium Pd Al 2.20
Platinum Pt Al, Cu, Au 2.28
Rhenium Re Cu 1.9
Silicon Si Al, Au 1.90
Silver Ag Al, Cu, Au 1.93
Tantalum Ta Al, Cu 1.5
Tin Sn Al 1.96
Titanium Ti Al, Cu, Au 1.54
Tungsten W Cu, Au 2.36
Uranium U Al 1.38
Zirconium Zr Al, Cu, Au 1.33
Oxygen O 3.44
Nitrogen N 3.04
The electronegativity of semiconductor compounds is the geometrical mean of the
electronegativities of the atoms in the compound, that is
χ = N
√
χn1χ
s
2 · · ·χpn−1χqn, N = n+ s+ ...+ p+ q (4.1)
where n is the number of atoms of element 1, s the number of atoms of element 2 and
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so on, with N atoms all in all. For example, alumina has an electronegativity of 1.02,
Alumina Al2O3, χ =
5
√
1, 612 ∗ 3, 443 = 1, 0154 ≈ 1, 02.
Table 4.2: Electronegativities of some compounds, calculated using eq.4.1. (*Wikipedia)
Element χ Comments
Alumina Al2O3 1.02 Qf < 0 [37; 38]
Titania TiO2 1.06 TiOx does not provide passivation [39]
Copper Oxide Cu2O 2.32 Semiconductor diodes. *
Silicon dioxide SiO2 2.82 Qf > 0 [37; 38]
Silicon nitride Si3N4 2.49 Low T plasma SiNx films, Qf > 0 [37; 38; 39]
Iron (II,III) Oxide Fe3O4 2.62
Iron (III) Oxide Fe2O3 2.67
Magnesia MgO 2.12 In medication for stomach pains. Cement. *
Rhenium oxide ReO3 2.97 Low resistivity *.
Silver Oxide Ag2O 2.34 Used in batteries *.
Tantalum Pentoxide Ta2O5 2.71 High dielectric constant and refractive index *.
Tin Oxide SnO2 3.57 Rutile structure. Considered n-type.*
Tungsten Oxide W2O3 2.96 Grown by ALD. *
4.1 An example: Si solar cells
The effective lifetime (measurable) of minority carriers in silicon is given by [38; 40]
1
τeff
=
1
τb
+
1
τs
=
bulk term︷ ︸︸ ︷
1
τAuger
+
1
τrad
+
1
τSRH
+
surface term︷ ︸︸ ︷
2Seff
τW
, (4.2)
where Seff is the effective surface recombination velocity, W is the thickness of the
silicon substrate (2 surfaces), and τAuger, τrad and τSRH are the bulk terms Auger,
radiative and Shockley-Rad-Hall lifetimes.
When passivation is almost total, 1
τeff
∼= 1τb , the quality of the surface passivation
can described by the effective surface recombination velocity [41; 42]
Seff ≤ W
2τeff
. (4.3)
The recombination losses [39] (electrons from the conduction band recombining
with holes from the valence band) in crystalline silicon are due to the defect levels
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(surface states) within the bandgap of the surface layer. Metal-silicon interfaces tend
to have very high surface recombination velocities (SRV). In order to keep SRV as low
as possible [39; 43], either of the following things can be done:
1. Reduction of surface/interface states (Dit) via chemical passivation.
2. Reduction of electron and hole densities on the surface/interface (Qf ) via doping
or field effect passivation.
In solar cell technology [41; 42], passivation has been achieved using silicon dioxide,
PECVD deposited silicon nitride, amorphous silicon and ALD deposited aluminium
oxide. The main difference between these dielectric materials, is that silicon dioxide and
silicon nitride have a positive fixed charge Qf , whereas alumina has a negative charge
[37; 38] showing little dependence on injection level on p-type wafers. Injection level
is the fraction of minority carriers with respect to majority carriers, lowing injection
meaning a fraction of << 1 and high injection meaning a fraction of >> 1 . This is
related to the field effect passivation:
• When the charge of the bulk is the same as the charge of the passivation layer,
an accumulation of majority charge in the interface takes place, improving pas-
sivation.
• When the charges are opposite, there will be an increase in depletion for low level
injection, and an inversion (increase of minority charge) at high injection.
The alumina passivation causes the presence of a negative charge in the silicon-
alumina interface, making it suitable not only for low resistivity n- and p-type silicon,
but also for high resistivity p-type silicon. The silicon nitride on the other hand would
induce an inversion layer on the p-type silicon [37], but not on n-type .
Grant and McIntosh [42] report an Seff of 30 cm/s using silicon dioxide for passiva-
tion, and using nitric acid oxides with annealing they obtained Seffs of 42 cm/s. Using
spatial ALD deposition of alumina on silicon, Vermeer et al. [28] reached the same Seffs
of 30 cm/s, with a p-type CZ silicon wafers. Vermeer et al. [28] did conclude though,
that the Seff depends on type, treatment and quality of the wafers. Hoex et al. [41]
report an Seff of 5 cm/s (2 cm/s) for p-type (n-type) c-Si using alumina passivation.
Agostinelli et al. [44] (fig. 4.2) achieved a low 10 cm/s with an injection level of 1015
in alumina passivated p-type CZ silicon.
Batraa et al. [40] compared two passivation solutions on FZ grown p-type single-
crystalline silicon, ethanolic iodine and bromine, and report a better passivation with
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Figure 4.2: SRV depends on injection level. Alumina on p-type Si. [44]
the ethanolic iodine solution, τeff depending on the initial iodine concentration. They
also note that chemical passivation does not hold steady once the sample is removed
from the solution and exposed to air. Schmidt et al. [37] compared ALD deposited
Al2O3 to PECVD deposited SiNx, and concluded that alumina showed a much lower
Seff (≤ 10cm/s) for both n- and p-type Si. On the other hand, Duttagupta et al. [45]
compared, in 2014, the passivation of p+ Si using PECVD deposited SiNx films and
PECVD deposited SiOx/SiNy stacks. The thin SiNx films deliver poor passivation, but
adding a layer of silicon oxide under the nitride gives a very good interface between the
stack and the p+ surface. The SiOx/SiNy stack gave therefore an excellent passivation.
Duttagupta et al. [45] do not give values for Seff , and report instead values of Sno=400
cm/s and Joe= 25 fA/cm
2, where Joe is the emitter saturation current and Sno is the
electron surface recombination parameter
Sno = νthσnNst
(νth is the thermal velocity of the charge carriers , σn is the electron capture cross
section and Nst is the number of surface states).
It is interesting to note that Simon et al. [38] experimented with a symmetrical
alumina (Al2O3) passivation on p- and n-type silicon. The alumina by itself does not
give a good passivation for n-type, but using a thin (≤1 nm) layer of hafnium oxide
(HfO2) between the 20 nm alumina and the bulk, gave both p- and n-type silicon an
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Seff of ≤ 1cm/s with an injection of 5*1012 cm−3 (low level). The hafnium oxide
decreased the fixed charge density Qf to almost zero. Applying instead a thin 15 nm
layer of silicon oxide (SiO2) between the 20 nm alumina and the silicon bulk, resulted
in Seffs of 20 cm/s for p-type and 10 cm/s for n-type with an injection level of 10
13
cm−3 (low level).
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Ch.5 Bonding
Smelting is the process of extracting a metal from ore by melting, requiring usually
chemical reactions in order to free the metal from chemical compounds in the ore. It
is quite possible that smelting was developed from pottery making [46]. Pottery was
known already 23000 years ago, as testified by the existence of a baked clay figurine
called the Venus of Vestonice.
The oldest metal work found is a copper earring from Iraq. Found in a cave,
it is supposed to be over 11500 years old. The craftsman had hammered or carved
copper iron, in order to create the 2.3 cm long oval pendant. Europeans were using
underground copper mines by 4000 B.C. The Tyrolian O¨tzi had an axe with a 9.5 cm
long copper blade. In the Americas, smelting was not in use before 800 AD (Peru),
and the Australian aborigines never used it.
Bonding means joining two metals together, much like welding, in order to make
electrical connections. In the tracking detector modules of CMS the bonds are done
using wire bonding and flip-chip bonding.
In wire bonding a thin wire is bonded to two surfaces. The bond formed between
the wire and the surface is either a ball bond or a wedge bond. At room temperatures
the bonds can be made using ultrasound [21][47, Ch. A]. If also heat is applied, at
temperatures of≥ 150oC (423K), the process is called thermosonic (TS). At even higher
temperatures, ultrasound is not needed for the bond to be made, and the process is
called thermocompression (TC). Thermocompression does require more pressure, but
both ball bonds and wedge bonds can be made. Using ultrasound only wedge bonds
are available (tbl. 5.1). Thermocompression does have a problem with contaminants,
thus it is not very popular. In the CMS pixel detector wire bonding is used to bond
ROCs to the HDI and to make contacts for powering the modules. The wire used is
99% aluminium and 1% silicon, with a diameter of 25 µm [2, p. 63]. Wire bonding is
also used in the experimental part of this thesis.
In the CMS pixel detector flip-chip bonding is used to bond the silicon sensors to
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Table 5.1: Wire bonding processes and the bonds they make [47, Ch. A].
Wire bonding Temperature Bond
Thermocompression 300-500 oC Ball
Thermosonic 100-150 oC Ball and Wedge
Ultrasonic 25 oC Wedge
the ROCs (Read Out Chips). Flip-chip bonds are also used in the Pixel Luminosity
Telescope, for bonding monocrystalline diamond pixel sensors to the ROCs of the
telescope [4, p.226]. Flip-chip bonding creates contacts between surfaces (or substrates)
by using a ball bond instead of a wire bond. The ball, which acts as an electrode, is
grown on one or two substrates by metal evaporation or by electroplating [5, p. 66].
In the Pixel detector the ball is usually formed on the ROC surface. Once the ball
is formed, the surfaces of ROC and sensor are mated. Mating usually requires one of
the substrates to be flipped over, thus the name flip-chip bonding. The substrates are
then aligned and bonded using the already formed ball. The bonding of the ball to
the second substrate requires a partial remelting of the ball, and in the CMS this is
done by thermocompression, that is, by applying heat and force. It is also possible to
do the bonding using ultrasound and heat (thermosonic bonding, can cause crating),
by soldering (used when chips are soldered onto circuit-boards) or adhesives (both
conducting and none-conducting)[47]. Compared to wire bonds, flip-chip bonds can be
packed more densely, every 125-500 µm, and they have less cross talk. Flip-chip bonds
also have a lower inductance, 0.05-0.1 nH, compared to the 1nH of wire bonds made
with 25 µm diameter wire [21, p.42]. Using soldering, the difference between flip-chip
bonding and wire bonding inductance can be even higher: 0.3 nH for flip-chip bonds
and 5.6 nH for wire bonds [47, Ch. B, tbl B2].
Bonds are an essential part of a working electrical device, wire bonds are the most
common form of interconnection in an electrical circuit. Bonding wire also tends to
have a small concentration of silicon, about 1% or less, the most common being 99.99%
aluminium. Devices that require a current of several amperes are usually bonded using
thicker aluminium wire (75-500 µm diameter) and a 60 kHz or 80 kHz ultrasound. The
alternating current in the wires [21, Ch. 9.2.6] will cause an inductance of 10 nH/mm
according to eq. 5.1,
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L = 2× 104l ×
[
ln
(
4l
d
)
− 1 + µε
]
, [L] = nH, (5.1)
where d is the diameter of the wire (µm) and l is the length of the wire (µm). This is
a concern in devices operating at 1GHz.
For ribbon wires the inductance is [21, Ch. 2.7.1]
L = 2× 10−4l ×
[
ln
(
2l
(t+ w)
)
+ 0.5 + 0.2235× (t+ w)
l
]
, [L] = nH, (5.2)
with the lengths l, t (thickness) and w (width) are given in mm. Skin effects at higher
frequencies lower the inductance, but can at the same time drastically increase the
impedance.
5.1 Ultrasonic bonding
Ultrasonic bonding is actually a deformation welding [21, p. 24], in which a metal wire
is welded onto a metal surface.
Ultrasound waves cause stress on matter, making lattice dislocations oscillate [48] at
an amplitude comparable to the equilibrium distances between those dislocations. Heat
gets spread over all the lattice, but acoustic energy is used only by the dislocations.
Ultrasound vibrations are directed on a bonding tool via a handle, and as the tool
vibrates, the wire gets bonded on the surface of the metallic pad. There is a wide
range of metals that can be welded ultrasonically, aluminium, copper and gold being
the most usual ones. The wire’s diameter is in the 25-33 µm range, with a distance as
short as 25 µm between the two bonds. Once bonded, the length (loop) of the wire
can be as short as 50 µm. It is possible to bond wires with a pitch, or wire separation,
of only 30 µm, but in practice the pitch is usually above 100 µm.
There are mainly two types of bonds that can be made using ultrasound. One of
them is a ball bond, and the other a wedge bond, ball bonds being by far the most
popular. The tools required in either case are different. The ball bond requires a
hollow capillary tool, into which the wire is inserted from the top. The wedge bonding
requires a wedge tool, into which the wire is inserted from the rear or the tip.
The ultrasound (US) energy makes the metals soft, and the movement of the tool
sweeps away oxides and contaminants from the surface onto which the weld is to
be done. Especially lower power settings cause the centre of the weld area not to
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be properly bonded, leaving voids with some left-over oxides and contaminants. In
simulations, an increase in ultrasound amplitude above 0.5 µm seems to cause greater
stress on the bond area, which translates as weaker welds [21, ch. 11.3]. The same
applies to frequencies above 100 kHz, increased frequency makes weaker bonds. On
the other hand, an increased friction improves bond quality, and the same applies
to temperatures below 50oC (323K). A new challenge in bonding is the multilayer
structure of new devices. These layers absorb bonding energy easily, causing welding
problems.
After bonding the connections are tested, this [21, p.200,6B.1] damages both the
wire and the bond and thus stronger materials should be preferred. Nickel for example,
has a higher modulus than aluminium, 200 GPa vs. 70 GPa (see tbl. 5.2). The wire
bonds used in the CMS pixel detectors are made with aluminium. Contaminants
(cleaning products, environmental, hand grease) also affect bond quality, though in
ultrasonic bonding the problem is not as serious as with thermocompressive bonding.
Table 5.2: Some materials and their characteristics at room temperature. Si is anistropic,
and has therefore different elastic values depending on crystal orientation, source [49] . Alu-
mina sources [25; 26], 95% ceramic.
Material Elastic Modulus Poisson’s ratio Conductivity [50]
Aluminium (Al) 70 GPa 0.35 3.8*107 S/m
Alumina (α-Al2O3, 95%) 300 GPa 0.21 < 10
−11S/m
Silicon (Si) 130-170 GPa 0.22 103 S/m
Nickel (Ni) 200 GPa 0.31 1.4*107 S/m
Copper (Cu) 130 GPa 0.34 5.9*107 S/m
5.1.1 The bonder’s parameters
The bonder has parameters that can be altered, and which affect the strength of the
bonds. The most important ones:
• Step,the distance between the two bonds of each wire.
• Loop, the length of wire bonded between the two ends.
• High power settings are a the most common cause for bond cratering (damage).
Ultrasonic energy always causes defects on the materials to be welded, that is why
it welds. However, when the power used is too high, the defects themselves can
become a problem, leading to device failure. There are circumstances in which a
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higher power is desired; for example, a contaminated surface does require more
energy to form bonds [21, ch. 8.1.2].
• The time used by modern autobonders to form one bond can easily be less than
33.4 ms (30 welds/s). For times under 10 ms per weld [21] the power has to be
increased in order for a good bond to form.
• Force, the strength used to make the bonds. The force does not have to be the
same for both bonds of the same wire. Force can also cause cratering, both when
it is too low and when it is too high [21]. The optimal force depends on the
surface and other bonding parameters.
Figure 5.1: Aluminium wire threaded into the wedge tool of the bonder.
The most important parameters to be taken into account when bonding are the ul-
trasonic energy (power), bonding temperature, force and time, and the vertical velocity
of the tool as it touches down on the surface (impact velocity) [21, Ap.8B]. Originally
wire bonders worked with an ultrasound frequency of 60 kHz, but today bonders with
a frequency of 120 kHz are not uncommon.
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5.2 Tensile tester
To test the strength of the bonds, several tests may be done. The most popular test
for the wedge bond [51] is the pull test, which is done with a hook. The most reliable
test for the ball bond is the ball shear test. The bond area may also be studied non-
destructively, for example using ultrasound. If there is a problem with the bond, it
might show as a fracture, dislocation, or void in the bond area of the material. Tests
include [52; 53]:
• visual inspection
• pull and shear tests
• temperature cycling and thermal shock tests
• pressure/humidity tests
• pressure and unsaturated pressure cooker tests
• air blast, push and centrifuge tests
• accelerated stress, and shock and vibration tests
• electrical tests
• ultrasonic stress test and bond monitoring
In this work we are mostly concerned with the pull tests, which were performed in
the same clean room facilities where the bonder was located.
5.2.1 The bond pull test: a destructive test
In a pull test the bonded wire is pulled upward by a hook. The chip is put on a scale,
and as the hook pulls the wire upward, the weight on the scale will decrease. The
hook itself is attached to a device to direct it along the x, y and z-axes. The change
in the location of the hook above the chip is shown as relative coordinates, and can be
monitored using software. The scale can also be monitored with software, making the
access to the data easier.
The position and inclination of the hook as it pulls the wire affects the forces acting
on the bonds. In an ideal situation, the hook is pulling straight upward, the bonds are
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Figure 5.2: Depiction of the pull test scenario.
lined up and the hook is located in the middle of these two bonds, and both bonds are
at the same altitude. In such circumstances, the force on the wires will be according
to eq. 5.3
f =
F
2sinθ
, (5.3)
where θ is the angle the wires make with the surface and F is the pull force. In a more
general case, the forces on the wire will be different on each bond, and will depend
upon the distance of the hook from the bond, the angle of inclination of the hook
and the height of the locations of the bonds. All in all, the forces will depend on the
xyz-coordinates of hook and bonds, and the angles between them. Usually the bond
that is located in a terminal (fig. ??) is at a higher altitude (eq. 5.4) than the bond
on the semiconductor die (eq. 5.5). Under such circumstances the forces [21, ch 4.2]
on the bonds are:
fwh = F
[√
h2 + κ2d2 × [(1− κ)× cosφ+ (h+H)/d× sinφ]
h+ κH
]
higher bond
(5.4)
fwl = F

√
1 + (1−κ)
2d2
(H+h)2
× (h+H) (κcosφ− h/d× sinφ)
h+ κH
 lower bond (5.5)
In equations 5.4 and 5.5 (see fig. 5.2), H is the difference of altitude between die and
terminal, h is the difference in altitude between terminal and hook, d is the distance
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between the bonds, κ is the fraction of d between terminal and hook (κ=0.5 when
the hook is in the middle), and φ is the angle between the normal and the hook
(hook inclination). All things being equal, the ratio h/d changes the force the wire
can tolerate; the larger the ratio the higher the F [21, p. 82]. This relationship is
comparable to the ratio of the bonding parameters step and loop:
h
d
∝ step
loop
. (5.6)
It is common to use the pull test average with standard deviation (σ) distribution
with test results. However, there are several test failure modes and the distribution
is not necessarily normal, and Chi Square statistics should be used on the data [21,
Ch. 4, p.85]. In the electronics industry a limit of x¯ − 3σ is often used [21, Ch. 4,
p.122]. In cases with very low standard deviation (σ ≤ 0.15x¯), the relation 0.9(x¯− 4σ)
is preferred.
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Ch.6 Alumina test set
6.1 Bonding and pull tests
In the first run, it was found out that the wedge tool was covered with bits of aluminium.
The tool was cleaned for five hours in an ultrasound cleaner. The cleaner contained
clean water, which acts as the medium for the vibrations. The tool was put in a
small beaker and covered with potassium hydroxide (KOH caustic potash), a solution
of potassium and water. The vibrations of the water in the cleaner are picked by the
glass making its contents to vibrate, enhancing the effects of the potassium hydroxide.
According to Gaiser [54], the aluminium build-up on the wedge tool is not serious
after several uses, but it is extremely problematic after 100000 bonds. Gaiser also
recommends to wash-up the tool in sodium hydroxide (NaOH caustic soda), a product
similar to potassium hydroxide. If washing-up does not help, the tool must be replaced
with a new one.
Some of the bonder parameters are listed in table 6.1. These parameters are changed
while the optimal parameterss are sought for the bonding of the aluminium wires on
alumina.
Table 6.1: Original bonder parameters. These parameters affect the strength of the alu-
minium bond and their optimal values need to be studied.
Step 2.6 Tail 4.3 Tear 5.0 Loop 2.8 Vspeed 4.0
Search 1 5.40 Power 1 2.82 Time 1 5.5 Force 1 2.0
Search 2 5.40 Power 2 3.01 Time 2 5.5 Force 2 2.0
The first sample of chips had no aluminium oxide on them, and included samples
of chips labelled W5L6∅∅, W4L46∅ (fig. 6.1), W4L355∅ and W4L7∅∅.
The pull test is done by placing the sample on a scale, and pulling up from the
wire with a small hook (fig. 6.2). The scale will show the weight of the sample, and
is set to 0 grams when the measurement begins. The weight will decrease as the hook
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Figure 6.1: On the left, one of the W4L46∅ samples; on the right, lengths of pads on same
sample (using GDS Viewer). Unit um≡ µm
pulls from it upward. The decrease in weight will be equivalent to the pulling force.
The hook movement is controlled with a computer, and for the convenience the scale
is connected to a computer too.
Figure 6.2: Pull test setup.
Rauno Lauhakangas bonded 24 wires on one W4L46∅ chip. As I was moving the
chip, it fell on the floor in two occasions, and the bonds were flattened. Nonetheless,
the pull test was done on some wires. Two of the wires broke at 2 g, one at 4 g, and
the other two at 6 g (in one of the pulls the hook grabbed two wires, not just one). All
wires were cut along the heel of the bond 1. Thus, Rauno suggested to decrease the
force used for bonding bond 1.
Bonding was later done on W4L46∅ chips with 10 nm, 15 nm, 20 nm and 25 nm of
alumina covering the bonding pads, using forces 0.5, 1.0 and 2.0. Pull tests done on
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these samples permit to believe that there is some sort of a correlation between the force
and the alumina thickness with the pull strength, but the situation remained unclear;
the amount of pulled wires was too small for proper statistics. Also, interestingly,
wires that had been bonded by a more expert operator (fig. 6.3) seemed to withstand
stronger pulling. Rauno Lauhakangas and Raimo Turpeinen made a holder for the
samples (fig. 6.8a). The holder works very well with the pull tests.
Figure 6.3: Pull test results seem to depend on the experience of the bonder operator:
bonds become stronger with experience.
Pull tests done on wires, which were bonded on three different samples, one without
alumina, one with 15 nm of alumina and one with 25 nm of alumina, show clearly that
the wires are more strongly welded onto the pure aluminium than to the alumina layer
(tbl. 6.2 and fig. 6.4). With a force setting of 2 for the 1st bond, and 2.1 for the 2nd,
the wire on the sample with no alumina had a pulling strength of 9.09 ± 1.48 (x¯± σ).
For the samples with alumina layers of 15 nm and 25 nm the pull strengths were 3.85
± 1.26 and 3.66 ± 1.35 respectively. Some of the welds were so poor that the bonds got
loose before pulling, or the loops were too small for the hook. The power settings used
with this set were probably too high, and the pads were easily damaged (fig. 6.8b).
Pull test strength of wires bonded on samples with no alumina (fig. 6.5) and on
samples with 15 nm alumina ( fig. 6.6) showed some variation on bonding power or
bonding force for bond 2.
In a sample without alumina (tbl. 6.3) the force used to make the second bond was
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Table 6.2: Results for test set using three different samples: 0 nm, 15 nm and 25 nm of
alumina. The error of the average is the standard deviation σ [14]. Parameters: P1=2.93,
F1=2, t1=5.5, P2=3.09, F2=2.1, t2=5.5,step=2.5, loop=2.8
Alumina layer 0 nm 15 nm 25 nm
Pull strength 9.09 ± 1.48 3,85 ± 1.26 3.66 ± 1.35
Pulled wires & discarded wires 20 + 3 20 +3 23 + 0
Figure 6.4: Three different alumina layer thickness: 0 nm, 15 nm and 25 nm. Settings
P1=2.93, f1=2, t1=5.5, P2=3.09, f2=2.1, t2=5.5. Chips with alumina on them seem to be
clearly weaker than chips with no alumina.
slightly increased from 1.99 to 2.03, resulting in poorer pull test strength, going down
from 10.38 ± 2.62 to 7.52 ± 4.43.
Table 6.3: Results for test set with 0 nm. The error of the average is the standard deviation
σ [14]. The bonding force for bond 2 was increased.
f2 1.99 2.03
Pull strength 10.38 ± 2.62 7.52 ± 4.43
Pulled wires 9 12
Increasing the power on the other hand, as was done with a 15 nm alumina sample,
improved bond strength (tbl. 6.4). The variation in power resulted in pull strength
improvement from 7.34 ± 3.10 (with a power of 1.95) to, 9.03 ± 2.61 (with a power of
1.99) and 9.70 ± 2.80 (with a power of 2.03).
A new test set (tbl. 6.5 & fig. 6.7) was done on 20 nm alumina, on which bonds
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Figure 6.5: Pull strengths for a chip with no alumina. Decreasing slightly the bonding force
of weld 2, seems to increase its reliability.
Figure 6.6: Pull test strengths for a chip with 15 nm alumina. P1=1.95, t1=t2=6, f1=2.2,
f2=3.
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Table 6.4: Results for test set with 15 nm alumina. The error of the average is the standard
deviation σ [14]. The bonding power for making the 2nd bond was increased.
P2 1.95 1.99 2.03
Pull strength 7.34 ± 3.10 9.03 ± 2.61 9.70 ± 2.80
Pulled wires 23 23 23
were done using bonding forces of 1, 1.5 and 2 on both ends. Of the 69 wires bonded,
all except one broke at the heel of bond 1. Results support the idea that a weaker force
might make slightly better bonds, giving an average of 13.19 ± 0.78 for wires bonded
with a force of 1, 12.20 ± 1.03 for wires bonded with a force of 1.5 and 11.60 ± 0.89
for wires bonded with a force of 2. These bonds were made with a step of 2.4 on a
W4L355∅ sample.
Table 6.5: Results for test set of 31.10-3.11, on 20 nm alumina. The error of the average is
the standard deviation σ [14]. All welds, except one, broke at the heel of bond 1. Parameters:
P1 =P2 = 2.27, t1=t2 = 6, step=2.4, loop=2.9
F1=F2 1 1.5 2
Pull strength 13.19 ± 0.78 12.20 ± 1.03 11.60 ± 0.89
Pulled wires + discarded wires 22 +1 23 21 + 2
On previous test sets, the standard deviation (stdev) was very high, but on the last
one the stdev is distinctly smaller. This change is probably due to a change in locating
the hook at the middle of the wire for the pull test. On previous sets the location
was assumed to be next to one of three pads, but with this set it was calculated using
the pull test hook’s coordinates. There is an error in the location that is somewhere
between the width of the hook and 3 shifts in the hook’s location (3×µm). Due to
technical reasons (light angle, microscope angle and hook width), it was difficult to tell
whether the hook was in place or not.
-
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Figure 6.7: Pull test strengths for a sample with 20 nm alumina, wth P1=P2=2,27,
t1=t2=6, step=2.4 and loop=2.9. The blue dots are bonds welded with F1=F2=1, the
green ones with F1=F2=1.5 and the orange ones with F1=F2=2. Welds bonded with a
smaller force might be slightly better than welds bonded with a stronger force. The standard
deviation is smaller than previously, probably due to improved operation skills by yours truly.
All welds, except one, broke at the heel of bond 1.
(a) Rauno’s holder (b) The markings of a bond.
Figure 6.8: a) Holder for the sample, made by Rauno Lauhakangas and Raimo Turpeinen.
The sample in the holder is 1cm*1cm in size. b) After pull-strength test, and the removal
of the bonded wire, ultrasound bond markings are visible on the pad. This markings were
left using a power setting of 1.95 for the 2nd bond. The marking is less than 200 µm long (1
um≡ µm)
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Ch.7 Conclusions
In the upgraded CMS pixel detector (phase II upgrade), the pixel size will become
smaller due to the higher occupancy caused by higher luminosity of the LHC. This
means that also the bump bonds between the sensor and the read-out circuit will
become smaller which results in smaller gap between the sensor and the ROC. This
will increase the probability for electrical sparking that might destroy the ROC, the
sensor or both. In order to avoid sparking, the surface must be passivated with a
proper insulator.
A higher electronegativity of the passivating layer tends to lead to better passiva-
tion. On the other hand, opposite charges at an interface cause charge accumulation,
whereas opposite charges cause type inversion(increased depletion at low injection, in-
version at high). Alumina, with a negative effective charge (electronegativity of 1.02),
causes the presence of a negative charge in the silicon-alumina interface, making it
suitable not only for n+- and p+-type (low resistivity) silicon, but also for p-type (high
resistivity) silicon. Thus, Jaakko Ha¨rko¨nen has suggested using alumina passivation
on the CMS pixel modules.
In this thesis it was studied whether bonding is applicable on a surface having an
alumina passivation. It was also of interest, which parameters of the bonder make
stronger bonds. Bonding was tested on metal pads with different layer thicknesses of
alumina: 0 nm, 10 nm, 15 nm, 20 nm and 25 nm.
The results of this thesis indicate that wire-bonding on alumina does well in pull-
strength tests, though the bonds are slightly weaker than on surfaces with no alumina.
With a force setting of 2 on both ends of the aluminium wire, the bonds done on a
sample without alumina endured a pulling strength of 9.09 ± 1.48 , a sample with
15 nm alumina endured 3.85 ± 1.26 and a sample with 25 nm alumina endured 3.66
± 1.35. The thickness of the alumina layer did not seem to affect noticeably, this is
probably because the alumina layer was very thin (10-25 nm).
Increasing bonding force seems to weaken bonds. In a sample with 20 nm alumina,
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it was found that the pull test strength decreased from 13.19 ± 0.78 using a force of
1, to 12.20 ± 1.03 using a force of 1.5 and to 11.60 ± 0.89 using a force of 2. Similar
results were acquired by just changing the bonding force of the second bond, 10.38 ±
2.62 for a force of 1.99 and 7.52 ± 4.43 for a force of 2.03.
An increase in bonding power, on the other hand, seems to make stronger bonds.
Using a 15 nm alumina sample, and increasing the bonding power of the second weld,
pull test strength results improved from 7.34 ± 3.10 with a power of 1.95, to 9.03 ±
2.61 with a power of 1.99 and to 9.70 ± 2.80 with a power of 2.03.
All in all, the samples with alumina did fairly well in the pulling tests, and alumina
is therefore a viable choice for passivation.
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